White light emission of rare earth (RE)-free Mn-doped SnOZnOP 2 O 5 glass is demonstrated. Glass transition temperature of the obtained glass is below 440°C, which assures the application to sealant of solid state light emitting devices. The RE-free transparent glass shows white light emission with a high value of quantum efficiency (QE) comparable to conventional crystalline phosphor by excitation of deep UV light. The broad emission of RE-free transparent glass can be continuously tuned by both the amount of activator and the composition of the glass without decrease of the QE value.
Introduction
Rare earth (RE)-containing materials have been widely used in our daily life. For example, optical materials containing trivalent RE cations such as Y 3 Al 5 O 12 :Nd 3+ or Er
3+
-doped fiber amplifier are typical fundamental optical materials. These trivalent RE cations show narrow band emission in the visible or IR region, which is brought by the 4f4f transition that is hardly affected by the surrounding crystal field. Recently, the strong, sharp emission of RE-cation has been also used for white-light-emitting devices. One application is the three narrow emission band type fluorescent lamp (the so-called three-band lamp) consisting of RE-doped blue, red, and green phosphors. 1) Another application is the white light-emitting diode (LED) that basically consists of blue-LED and commercially available yellow phosphor such as Y 3 Al 5 O 12 :Ce 3+ . 1) However, these white-emitting devices consisting of sharp emission bands possess lower color rendering than the conventional broad band emission device. Since there is uncertainty about the stable supply of RE over the future, RE-free material have been enthusiastically examined.
We have focused on the RE-free phosphors that have been used for white fluorescent lamp. Since white light emission was composed of various kinds of wavelengths, it is expected that white light emission can be attained by RE-free phosphor, for example Sb 3+ ) with a half width at half-maximum (HWHM) of 140 nm, and at 580 nm (Mn 2+ ) with a HWHM of ³7080 nm, these emission bands are inherently fixed because of the crystal structure. 3) On the other hand, if glass material without the RE cation shows white light emission comparable to the crystalline phosphor, it will be considered a novel emitting material capable of much broader emission and good formability that is quite important in the industrial manufacturing process. Since oxide glass can generally incorporate various kinds of atoms, the coordination fields of the emission center can be tuned. If the emission center was strongly affected by the coordination field, the resulting emission color is also widely tuned, which is quite different from the conventional RE-doped crystalline phosphor.
In the study, we have focused on the ns 2 ), the emission is strongly affected by the coordination field.
1),4)7) Considering site distribution of amorphous glass and crystal, this type of emission center is suitable for amorphous glass. Recently, the authors of this study reported the highest quantum efficiency (QE) for amorphous SnOZnOP 2 O 5 low-melting glass.
8) The oxide glass prepared by conventional melt-quenching method showed white ³ blue emission that depended on the amount of SnO. It is notable that the transparent oxide glass containing no RE cation shows high UV-excited emission that is comparable to crystal phosphor such as MgWO 4 ; further, this was the largest efficiency of glass material without RE cation ever reported. The broad emission is brought about by Sn 2+ , which is the most conventional and harmless ns 2 type center.
9)12) Moreover, the emission property of the obtained glass remains unchanged after heat treatment at forming temperature regions, which indicates that the obtained glass is suitable for low-melting glass that can be applied as the sealing material of LED.
13), 14) It is also notable that the observed emission originates from transparent amorphous material without RE cation. Since crystal phosphor or amorphous glass containing RE cation comprise most of the photoluminescent (PL) materials previously reported, the PL property of RE-free amorphous glass itself will attract considerable attention in the near future. Since the previous glass showed broad blue emission, 8) 
Analysis
The T g was determined by differential thermal analysis (DTA) operated at a heating rate of 10°C/min using TG8120 (Rigaku, Japan). The PL and PLE spectra were measured at room temperature using 850 fluorescence spectrophotometer (Hitachi, Japan). Band pass filters of PL measurement were used for the excitation (5 nm) and the emission (3 nm). The absorption spectra were measured using U3500 UVVisNIR spectrometer (Hitachi, Japan).
The absolute quantum efficiency of the glass was measured using an integrating sphere C9920-02 (Hamamatsu Photonics, Japan) at room temperature. The emission decay at r.t. was measured using a Quantaurus-Tau (Hamamatsu Photonics) with 280 nm LED. The quantum efficiency (QE) was evaluated using normalized quantum efficiency (NQE) that was obtained by normalization of practical phosphor MgWO 4 (3N) excited by the wavelength of 254 nm. The NQE was calculated using Eq. (1):
where P g and P s are the area intensity of glass and the standard phosphor MgWO 4 , respectively; ¦E s is the absorption of MgWO 4 at 254 nm; and ¦E g is the photon number absorbed by the sample, which was obtained by the difference between the area intensity of blank E g0 and that of sample E g1 . The authors have confirmed that there was little difference between NQE value of bulk sample and that of powdered sample. Table 1 shows the chemical composition of the obtained glasses. These glasses were transparent and colorless. The T g s of these glasses were less than 440°C, which belong to the so-called 'low-melting glass', whose manufacturing temperature is below 600°C. Figure 1(a) shows the PL spectra of the xMnO2.5SnO 57.5ZnO40P 2 O 5 glass excited by the photon energy of 4.88 eV (254 nm), which corresponds to the emission line of Hg. This glass composition consists of MnO and the glass composition which showed the maximum QE in the previous report. 8) These emission spectra consist of two broad bands at 2.86 and 2.05 eV, and the former decreases with an increasing amount of MnO, whereas the latter increases. Therefore, it can be concluded that the former correlated with the Sn 2+ (5s 2 ) emission center, while the latter correlated with the Mn 2+ (3d 5 ) center. 15) Peak deconvolution revealed that these peaks showed little change in the emission band and the half width, indicating that local coordination of Sn 2+ and Mn 2+ was hardly affected by the concentration of MnO. Using the ratio of these peak areas, we can estimate the correlation between the Sn 2+ and Mn 2+ centers. Figure 1( , we have discussed the effect of Sn 2+ in the present paper. Figure 2 shows PLE spectra of the xMnO2.5SnO57.5ZnO 40P 2 O 5 glasses at emission of 2.05 eV. The emission attributed to Mn 2+ has several PLE bands. The main PLE band locates around 4.9 eV, which is slightly red-shifted with increasing amount of Mn
Results and discussion

2+
, and small band exists at about 3 eV. The former corresponds to the photon energy of the emission line of Hg, and the later corresponds to emission energy of Sn 2+ as shown in Fig. 1 . The PLE spectra indicate the energy transfer from Sn 2+ and Mn
. The excitation energy transfer, which is often explained by Dexter's theory, 16 ) is a key factor for practical Sb 3+ , Mn 2+ -doped calcium halophosphate possessing white light emission. Figure 3 shows the emission decay curves of Sn emission (2.86 eV) of the xMnO2.5SnO57.5ZnO40P 2 O 5 glasses (x = 0, 0.7, 2.0) at room temperature. The excitation light source was a LED of 280 nm. With increasing amount of MnO, emission decay became short; 4.5¯s (x = 0), 3.5¯s (x = 0.7), and 2.1¯s (x = 2.0). Since the shape of decay curves is changed from exponential to non-exponential, we can conclude that the Sn 2+ center plays roles both in the emission center and in the energy donor to Mn 2+ . Figure 4 shows a contour plot of PL intensity of xMnO 2.5SnO57.5ZnO40P 2 O 5 glass. Each figure shows the photon energy of excitation (ordinate) and emission (abscissa), and every intensity axis is shown on an identical linear scale. Broad emission was observed with the excitation of UV light of ³4.45.4 eV, and the Stokes shift was ³1.02.0 eV. The mapping suggests that the coordination state of Sn 2+ was almost unchanged in the zincphosphate glass by the addition of Mn 2+ , although the emission intensity was decreased by energy transfer. We have previously reported that the strongest emission peak was obtained by excitation at the photon energy of the optical band edge. 8) Comparing the absorption spectrum with the photoluminescence excitation (PLE) spectrum, the present excitation at 4.88 eV, which is higher than the optical band edge, is the most suitable position for the Mn 2+ center but not for the Sn 2+ center. The broad emission suggests that different emission colors can be obtained from the same glass phosphor by changing the excitation light source. Table 1 . It is notable that these glasses show a high NQE value comparable to that of practical MgWO 4 , whose QE value was reported to be greater than 80%. This value enables us to confirm the potential application of the present RE-free glass as phosphor with a high NQE. On the other hand, it is also noteworthy that the color coordination positions are continuously changed from blue to red with addition of MnO. In particular, several glasses satisfy the white light emission condition without the RE cation. As shown in Fig. 1(a , is sometimes used to make up for the lack of blue color, because the Sb 3+ , Mn 2+ -doped calcium halophosphate shows a broad emission band around 480 nm, which is ascribed to Sb 3+ emission. Therefore, the emission ascribed to Sn 2+ has an advantage over Sb 3+ emission from view point of blue color without any additive Eu 2+ crystallites. Since ns 2 -type emission center is affected by the coordination filed, it is expected that the emission is influenced by the compositional change of the mother glass. Figure 6 shows PL and PLE spectra of the 0.5MnO2.5SnOyZnO(97.5 ¹ y)P 2 O 5 glasses (y = 55.0 and 62.5). The larger amount of ZnO the glass contained, the smaller PLE band peak and a smaller Stokes shift became. Although the observed peak shift is due to the difference of coordination field of the Sn 2+ emission center, the emission band of Mn 2+ is almost independent of the composition. Therefore, it clearly shows that the ns 2 -type Sn 2+ emission center is affected by the coordination field of the glass. The socalled theoretical basicity of the glass increases with increasing amounts of ZnO; 17) it can thereby be said that the Stokes shift becomes smaller by increasing the optical basicity of the glass. The optical basicity of the glass was determined using the experimentally-measured peak frequency of the 1 S 0 ¼ 2+ can also serve as a probe for estimation of the basicity. The observed peak shift indicates that optical basicity also increased qualitatively by addition of ZnO. Although the amounts of emission centers SnO and MnO as well as the excitation energy were constant, the PL peak band of Sn 2+ changed depending on the chemical composition of the glass. In the glass system, the PL peak attributed to Sn 2+ was shifted whereas the peak attributed to Mn 2+ was constant. If emission band of Sn 2+ is shifted toward the UV region, the relative intensity of blue color decreases. That is the reason why the change of color listed in Table 1 is observed in several glasses that contain constant amount of SnO and MnO.
4)
From the obtained results, it is suggested that the basicity of the glass affects both the emission center and the following emission color. Since the basicity of oxide glasses is tailored by a great variety of chemical compositions, the emission color is also controlled in a wide range. Although the coordination state of activators or emission dynamics have not yet been clarified, the present results show that RE-free glass phosphor is a novel emission material that is quite different from the conventional RE-doped white light emission device. The present results indicate that the Mn-doped SnOZnOP 2 O 5 glass will be a novel glass-based material possessing the emission property (Fig. 7) . It is desirable to attain RE cation-free phosphor from view point of uneven natural resources. Since conventional organic sealant is damaged by strong and/or deep UV light, inorganic material will be required. Although the present glass shows white light emission that is similar to halo calcium phosphate crystal, there are several large differences between the two. First, for a greater number of emission centers, Sn 2+ can be doped in glass. Second, various kinds of elements can be added to the glass to control the emission properties as well as to improve mechanical or thermal property. Third, monolithic material can reduce optical loss due to scattering at the interface. Moreover, transparent emission material will meet novel industrial applications. Therefore, we would like to note that such materials can be industrially applied to the sealing material for electronic devices such as LEDs because the present glass also possesses a low-melting property.
Here, we have again emphasized the advantage of combination of the present low-melting glass phosphor with a next-generation deep UV LED. If the deep UV LED is practically used, conventional organicinorganic hybrid as well as organic polymer cannot be applied. From this point of view, inorganic low-melting glass is the candidate for practical sealant of deep UV LED. Moreover, the visible light effectively generated at the interface between LED and the sealant glass phosphor will emit toward the outside. Since the light conversion is attained by the monolith amorphous without internal interface, the color change of device that contains the individual difference and the timedependent deterioration is inherently prevented. Although the deep-UV LED is not commercially available now, recent development of LED clearly suggests a possibility for the realization in the near future. 19),20) The next generation white LED indicates the realization of Hg-free white fluorescent lamps. The important point of the results is that amorphous oxide glass possessing the random structure shows high QE value comparable to conventional crystalline phosphor. Although emission of Sn 2+ is explained by conventional ns 2 -type emission mechanism, there may exist a mechanism characteristic of amorphous material. Different from RE cation, which exhibits a high QE value because of little influence of phonons, the present ns 2 -type center in the glass has many uncertain points. Although we have not yet clarified the mechanism of the emission, the present RE-free glass phosphor is very fascinating material from the viewpoint of unique emission mechanisms in a random matrix.
Conclusion
We have demonstrated the UV-excited white light emission property of RE-free low-melting glasses. It is notable that high efficiency comparable to the practical crystalline phosphor is attained. The emission consisting of broad bands can be tailored by addition of another emission center such as Mn 2+ , or by changing the local coordination field (i.e. chemical composition of the mother glass) of Sn 2+ . The coexistence of high efficiency and broad emission is the unique optical property of the present glass. RE-free inorganic amorphous materials possessing emission properties by excitation of a UV LED source will be required for the novel practical optical device. 
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